INTRODUCTION
formation of the hook and the filament in the periplasmic space (Zhao et al., 2013) . The flagellarspecific type III secretion system (fT3SS) is responsible for the assembly of the periplasmic flagella.
with FliN on the C-ring (Minamino et al., 2009) . FlhA is required for stable anchoring of the FliI 6 ring 98 to the gate (Bai et al., 2014) .
suggesting that FlhB does not contribute to the structure or positioning of the ATPase complex or the 175 export apparatus. In contrast, in the ΔfliP (Fig. 3E, Fig. S4 ), ΔfliQ and ΔfliR mutants (Fig. S5, S6) , the 176 membrane underneath the MS-ring has a flat surface, and the FlhA complex appears to be absent or 177 disordered. Therefore, the structures of these mutants are strikingly different from the WT structure complexes are inserted into the cytoplasmic membrane (as proposed in Fig. 3H ). It has been recently of the FliP/Q/R channel. FlhB is not well-defined in our structures, but it is essential for fT3SS 185 function.
187
The FlhA complex stabilizes the ATPase complex
188
The FliI/FliH ATPase complex appears to be associated with the bottom portion of the C-ring, 189 even in the absence of FlhA. However, the FliI/FliH-associated density in the ΔflhA mutant is 190 indistinct, indicating that the FlhA complex is involved in stabilization of the ATPase complex under 191 the C-ring (Fig. 3C ). In addition, the ATPase complex appears to shift away from the 192 implying that there is an interaction between the FlhA and ATPase complexes. Therefore, we propose 193 that the FlhA complex is not essential for the assembly of the ATPase complex, but it provides a 194 docking site to stabilize the ATPase complex. Our result is consistent with previous study that FlhA is 195 required for stable anchoring the FliI 6 ring to the export gate (Bai et al., 2014) .
197
FliO has a limited role in the flagellar assembly in B. burgdorferi
198
FliO is the less conserved among the membrane proteins of the export apparatus. In fact, B. 199 burgdorferi FliO and its Salmonella homolog have very weak sequence identify (13% ; Table S1 ). We 200 generated a ΔfliO mutant, which is less motile than the WT cells. However, cryo-ET reconstructions 201 revealed that both the flagellar motor and filaments are present in the ΔfliO mutant ( Fig. 4A, F) .
202
Furthermore, the flagellar motor and the fT3SS machine in the ΔfliO mutant ( Fig. 4C ) are similar to 203 those in WT, suggesting that FliO is relatively less impo rtant for the formation of the fT3SS and the 204 assembly of the flagellar rod, hook and filament in B. burgdorferi.
206
The export apparatus has a profound impact on flagellar motor formation in B. burgdorferi
207
To understand the overall contribution of the membrane-bound export apparatus proteins to the 208 structure and assembly of the flagellar motor, we generated a quintuple ΔfliP-flhA mutant by deleting fliP, fliQ, fliR, flhB and flhA genes using the Cre-LoxP method (Bestor et al., 2010) . As expected, the similar to that of the ΔfliQ motor ( Fig. 4C ), although the resolution of the image is relatively poor 213 because fewer motors were available for sub-tomogram averaging. Importantly, the ATPase complex 214 (indicated by orange arrow in Fig. 4D ) remains in a similar location as in the ΔfliQ or ΔflhA motors, 215 supporting the notion that the export apparatus is dispensable for the formation of the ATPase 216 complex. However, absence of the export apparatus proteins has a significant impact on motor 217 formation, as the number of motors per cell tip is highly variable in the mutants of the export 218 apparatus (Fig. 4F ). The number of the flagellar motors at each cell tip of the ΔflhA mutant is 219 comparable to that of WT ( Fig. 4F ), suggesting that FlhA does not have a significant effect on motor 220 formation in B. burgdorferi. In contrast, the number of the motors in the ΔflhB mutant is significantly 221 lower than in WT cells and the ΔflhA mutant. These results indicate that FlhB is important for the 222 formation of the motor in B. burgdorferi (Fig. 4F ), although some motors can still be assembled in the 223 absence of FlhB, FliO, FliP, FliQ, or FliR (Fig. 4F ). The impact of the export apparatus proteins on 224 motor formation seems to be cumulative, as demonstrated by the significant decrease in the number 225 of the flagellar motors detected in the quintuple ΔfliP-flhA mutant (Fig. 4F ). Out of 342 cryo-ET 226 reconstructions from the quintuple mutant, we only identified 54 motors, indicating that the flagellar 227 motors assemble at a very low frequency in the absence of the major membrane proteins ( Fig. 4F ).
228
Our results are consistent with a model in which there is substantial coordination between the 
233
To better understand the interactions among the fT3SS components in the intact B. burgdorferi 234 flagellar motor, we constructed a model of the fT3SS machine and its surrounding C-ring complex 235 based on the available homologous structures. We first built the model of the FlhA C nonameric ring 2010) ( Fig. 5 ). The entire ring fits well into the torus-like density (Fig. 5B, C ), suggesting that the FlhA 238 complexes also form a nonameric ring in B. burgdorferi. Three subdomains (SD1, SD3 and SD4) of 239 FlhA C are located inside the nonameric FlhA C ring, whereas the SD2 domain is located outside of the 240 ring ( Fig. S7 ). The distance between the FlhA C ring and the cytoplasmic membrane is about 6 nm. The
241
FlhA C is linked to the FlhA trans-membrane domain embedded in the cytoplasmic membrane under 242 the MS-ring. The central channel of the export apparatus appears to be aligned with the central axis of 243 the MS-ring and the ATPase complex ( Fig. 5D ).
244
The ATPase complex can be divided into two major components: a large central hub, and 23 245 spoke-like linkers extending to the C-ring (Fig. 5 ). The ATPase complex was originally proposed to 246 form a hexamer (Claret et al., 2003; Fan and Macnab, 1996; Imada et al., 2007) and is part of the 247 density beneath the FlhA C ring, as suggested by analysis of a ΔfliI mutant in Campylobacter jejuni 248 (Chen et al., 2011) and in B. burgdorferi (Lin et al., 2015) . FliI, FliH, and FliJ are known to form a large 249 complex that delivers the chaperone-substrate complex to the export gate (Fraser et al., 2003;  250 Minamino and Macnab, 2000) . B. burgdorferi contains the homologs of these proteins ( Fig. S8 ).
251
Therefore, we postulate that the hexametric density is composed mainly of the FliI/FliJ complex.
252
Based on its similarity with a portion of the F 0 F 1 -ATPase, the FliI/FliJ complex was modeled by 
307
The ATPase complex of the B. burgdorferi periplasmic flagella is quite different from that in the 308 Salmonella injectisome ( Fig. 7) and the E. coli/Salmonella external flagellum (Kawamoto et al., 2013;  309 Zhu et al., 2017) . The ATPase complex is surrounded by a large continuous C-ring of the B. burgdorferi 310 flagellar motor, while it is linked to six "pods" in the Salmonella injectisome (Compare Fig. 7E , F with 311 G, H). In particular, we observed spoke-like linkers between the ATPase and the C-ring for the first 312 time in any bacterium, as they are not observed in the recent structures from the external flagella 313 (Kawamoto et al., 2013; Zhu et al., 2017) . Surprisingly, there are about 23 linkers (Fig. 7E, F) . They are 314 considerably longer (6 nm vs. 3 nm) in the fT3SS machine than in the vT3SS machine, mainly because 315 the C-ring is much larger than the pod array (62 nm vs. 36nm in diameter) ( Fig. 7) . Previous studies 316 provided evidence that OrgB (a FliH homolog) forms the spoke-like structure and interacts with the 318 burgdorferi flagellar motor, the linker between the ATPase and C-ring is likely formed by multiple large docking platform for substrates recruitment and secretion, but also supports the integrity of the coordination in the assembly of the basal body and export apparatus might be shared by flagella and
In conclusion, our study reveals unprecedented details about the fT3SS machine in the Lyme transcribed by σ 70 . The point mutants were created as follows. Using WT B. burgdorferi B31A cells RNA was extracted from exponentially-grown B. burgdorferi (10 ml) cells by using Direct-zol™ RNA increment of 1.5°. SerialEM was recently used to collect tilt series from WT cells at a Gatan K2 Summit The average structure of the spoke from WT was generated by aligning the ATPase region and classification on the spoke region using eigenimages 1 to 18 (See Fig. S1 A) . The first 40 eigenimages Diepold, A., and Armitage, J.P. (2015) . Type III secretion systems: the bacterial flagellum and the Sultan, S.Z., Manne, A., Stewart, P.E., Bestor, A., Rosa, P.A., Charon, N.W., and Motaleb, M.A. peak of the CCC for class 00 happens at 0° (without any in-plane rotation). The CCC peak for class 03 767 is located at ~7°, the CCC peak for class 05 at ~13°, and the CCC peak for class 08 at 20°. T3S proteins among B. burgdorferi, S. enterica, and B. 
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